To determine the viability and potential usefulness of cryopreserved human primary cultured corneal endothelial cells by characterizing their morphology, gene expression, and ability for genetic modification by the lentiviral vector equine infectious anemia virus (EIAV).
A s the "barrier and pump" of the cornea, the endothelium plays an essential role in maintaining corneal transparency. In patients with endothelial injury such as pseudophakic bullous keratopathy and primary endotheliopathy such as Fuchs endothelial corneal dystrophy (FECD), human corneal endothelial cells (CECs) do not significantly proliferate because they are arrested in the G 1 phase of the cell cycle. [1] [2] [3] [4] However, several groups have demonstrated that under the appropriate in vitro culture conditions, human CECs do have limited proliferative capacity [5] [6] [7] and can be passaged a relatively small number of times before they exhibit characteristics of senescence. 1 Although immortalization of primary endothelial cells has been established, 8 such approaches have potential disadvantages for clinical use. Thus, the ability to store primary cultures for subsequent research or disease therapy is desirable. Reports of successful transplantation of CECs seeded onto substrates, such as amniotic membranes, 9 collagen sheets, 10 and denuded Descemet membrane, 7, 11 further underscore the potential usefulness of expanding populations and storing endothelial cells for later clinical use. Several groups have demonstrated the viability of endothelial cells after the cryopreservation of ex vivo corneas. [12] [13] [14] However, successful cryopreservation of human primary cultured CECs has not been reported.
Important markers for corneal endothelial cell identity and function include collagen VIII and zonula occludens-1 (ZO-1). Collagen VIII is a trimer composed of various combinations of two subunits, the ␣-1 and the a-2 chains. [15] [16] [17] [18] Previous immunologic studies have demonstrated that collagen VIII is present in corneal endothelial cells and Descemet membrane but not in corneal stroma or keratocytes, 19, 20 and mutations in the ␣2 chain of collagen VIII are associated with Fuchs endothelial corneal dystrophy. 21, 22 ZO-1 is a protein component of tight junctions at the apical endothelial cell borders. 6, 7, 23 Correct localization of ZO-1 is an important functional marker for CECs, which indicates intact intracellular protein trafficking to apical cell membranes, formation of a polarized, contact-inhibited monolayer, and establishment of a physiological endothelial barrier. 6, 7 Long-term genetic modification of CECs could have great therapeutic potential for endothelial disorders such as FECD, pseudophakic bullous keratopathy, and graft failure. Lentiviruses are attractive vectors for gene transfer because they can stably transduce nondividing or slowly dividing cells and can be stripped of proinflammatory viral components. 24 Recombinant human immunodeficiency virus (HIV)-based lentiviral vectors have allowed stable and nontoxic gene transduction in mouse endothelium. 25 Potential safety issues surrounding the clinical use of HIV-based vectors have prompted investigation into non-HIV retroviral vectors. Equine infectious anemia virus (EIAV) is a promising vector system that is more efficient than HIV in transducing mouse and rabbit endothelial cell lines and ex vivo human corneas. 26 In this study, we sought to establish methods to successfully cryopreserve human primary cultured CECs and to character-ize these cells after cryopreservation with respect to morphology, proliferative capacity, and expression of collagen VIII and ZO-1. Furthermore, we sought to characterize the ability of EIAV to genetically modify these cells after cryopreservation.
MATERIALS AND METHODS

Materials
Materials were obtained from the following sources: serum-free medium (OptiMEM-I), Dulbecco phosphate-buffered saline (PBS), gentamicin, and trypsin-EDTA (Gibco BRL/Life Technologies, Rockville, MD); mouse submaxillary gland nerve growth factor and bovine pituitary extract (Biomedical Technologies, Stoughton, MA); mouse submaxillary gland epidermal growth factor (Upstate Biotechnologies, Lake Placid, NY); fetal bovine serum (FBS; Hyclone, Logan, UT); ascorbic acid, chondroitin sulfate, calcium chloride, 0.02% ethylene diamine tetraacetic acid (EDTA) solution, dimethyl sulfoxide (DMSO), and antibiotic/antimycotic solution (Sigma, St. Louis, MO); cell attachment reagent (FNC Coating Mix; Biological Research Faculty and Facility, Ijamsville, MD); mouse monoclonal antibody to the ␣1 chain of bovine collagen VIII (Seikagaku America, East Falmouth, MA); rabbit polyclonal antibody to the ␣2 chain of bovine collagen VIII (gift of Paul F. Davis, 18 Wellington, New Zealand); rabbit polyclonal antibody to ZO-1 (Zymed Laboratories, Inc., South San Francisco, CA); Cy-3-conjugated donkey anti-rabbit secondary antibodies (Jackson ImmunoResearch, West Grove, PA); Hoechst nuclear staining (Molecular Probes, Eugene, OR); and eight-well glass chamber slides (Laboratory-Tek, Nunc, Rochester, NY). High-titer (5 ϫ 10 8 to 1 ϫ 10 9 transducing (T) U/mL) preparations of EIAV pseudotyped with a vesicular stomatitis virus (EIAV-VSVG) or with rabies virus (EIAV-rabies) envelope protein with the cytomegalovirus (CMV) promoter driving marker gene enhanced green fluorescent protein (eGFP) expression were obtained from Oxford BioMedica (Oxford, UK).
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Human Corneal Endothelial and Keratocyte Cell Culture
Corneas from donors aged 19 and 3 years were obtained from the Washington Eye Bank and the Lions Eye Institute for Transplant and Research and were stored in corneal preservation media (Optisol-GS; Bausch & Lomb, Rochester, NY) at 4°C. Standard eye bank protocol for informed consent and for protection of donor confidentiality were used. Both donors' corneas were unsuitable for transplantation because of defects in the stroma within the optical zone. The 19-year-old donor died of a stroke, and the death-to-preservation time was 12 hours. The 3-year-old donor died of respiratory arrest from pneumonia, and the death-to-preservation time was 14 hours. Standard serologies for infectious agents were negative for both tissues. Primary cultures were initiated within 1 to 3 days of preservation in corneal preservation media (Optisol-GS; Bausch & Lomb).
Human corneal endothelial cell culture lines were established according to published methods. 6 Corneas were removed from corneal preservation media (corneal preservation media [Optisol-GS; Bausch & Lomb]) and were washed with culture medium consisting of serumfree medium (OptiMEM-I, Gibco BRL/Life Technologies), 8% FBS, 5 ng/mL epithelial growth factor (EGF), 20 ng/mL NGF, 100 g/mL pituitary extract, 20 g/mL ascorbic acid, 200 mg/L calcium chloride, 0.08% chondroitin sulfate, 50 g/mL gentamicin, and antibiotic/antimycotic solution diluted 1/100. Descemet membrane with intact endothelium was dissected in small strips from corneal buttons. The strips were incubated in culture medium overnight at 37°C under 5% CO 2 and were then centrifuged at 3000 rpm for 6 minutes and incubated in 0.02% EDTA for 1 hour at 37°C to loosen cell-cell junctions. The tissue was manually disrupted by passage through a glass pipette. The dissociated cells were centrifuged again at 3000 rpm for 6 minutes, and the pellet was gently resuspended in culture medium. Isolated cells and pieces of Descemet membrane were plated in a six-well tissue culture plate precoated with undiluted cell attachment reagent (FNC Coating Mix; Biological Research Faculty and Facility). Cultures were incubated at 37°C in a 5% CO 2 , humidified incubator, and the medium was changed every other day. Once the cells approached approximately 80% to 90% confluence, the cells were trypsinized with trypsin-EDTA and passaged at 1:2 ratios.
Stromal fibroblasts were dissociated as follows: the epithelium and endothelium were removed from the corneal button of 19-year-old donor. The corneal button was left in culture medium (same as that used for growing endothelial cells) for 1 to 2 weeks until a monolayer of spindle-shaped cells (keratocytes) was established along the bottom of the tissue culture plate.
Immunostaining of Human Corneal Endothelial Cells and Stromal Fibroblasts
At the time of passaging cells, small aliquots of resuspended cells were plated on eight-well chamber slides precoated with cell attachment reagent (FNC Coating Mix; Biological Research Faculty and Facility) and were allowed to grow to confluence in the endothelial cell culture medium. The cells were then fixed in 2% paraformaldehyde for 20 minutes and treated with 0.1% Triton X-100 for 15 minutes at room temperature. Nonspecific antibody binding was blocked by incubating cells in 5% donkey serum for 1 hour before incubation with the following primary antibodies overnight at 4°C: mouse monoclonal antibody to the ␣1 chain of bovine collagen VIII (1:50; Seikagaku America, East Falmouth, MA) or rabbit polyclonal antibody to the ␣2 chain of bovine collagen VIII (1:1500; kindly provided by Paul F. Davis, Wellington, New Zealand). The cells were further incubated in Cy-3 conjugated donkey anti-mouse or anti-rabbit secondary antibodies (1:100; Jackson ImmunoResearch) for 1 hour at room temperature and were counterstained with Hoechst nuclear staining (1:2000; Molecular Probes) according to the manufacturer's recommendations.
Cell-cell junction formation was assessed by immunostaining with rabbit polyclonal antibodies against ZO-1, a junctional complex protein expressed in corneal endothelium. Cells plated for ZO-1 staining were grown in the same culture medium used to grow endothelial cells but with a lower serum concentration of 6% FBS to optimize the formation of tight junctions (N. Joyce, personal communication, 2006) . Cells were incubated with primary rabbit polyclonal antibodies against ZO-1 (1:100; Zymed) overnight at 4°C. Secondary staining was performed with Cy-3-conjugated donkey anti-rabbit antibodies (1:100) for 1 hour at room temperature, and cells were counterstained with Hoechst nuclear staining (1:2000) .
Cryopreservation of Human Corneal Endothelial Cells
Confluent cells were trypsinized and resuspended in culture medium. They were then gently centrifuged and resuspended in freezing medium consisting of 90% heat-inactivated fetal bovine serum and 10% dimethyl sulfoxide. The cells were then slowly frozen overnight in an isopropanol bath freezing container (Nalgene; Nunc, Rochester, NY) at -80°C and transferred to liquid nitrogen. For recovery from cryopreservation, all cells were thawed at room temperature after 2 months of cryopreservation and promptly were resuspended drop by drop with prewarmed culture medium. The cells were then centrifuged, washed, and resuspended in culture medium to remove residual dimethyl sulfoxide and plated on precoated standard tissue culture plates. The medium was changed the next day, and the cells were passaged when confluence was reached. Aliquots of cells were grown on chamber slides and processed for immunochemistry as described.
Retroviral Transduction of Human Corneal Endothelial Cells
Human CECs from a 3-year-old donor were passaged, and aliquots were cryopreserved at passage 3. Cells were thawed after 2 months of cryopreservation and were grown to approximately 80% confluence in 24-well plates (approximately 1.5 ϫ 10 5 cells/well). The medium was
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9 TU/mL) viral particles, pseudotyped with either vesicular stomatitis virus (EIAV-VSVG) or rabies virus (EIAV-rabies) with the CMV promoter driving eGFP expression, were used to obtain a multiplicity of infection of approximately 100 in a final volume of 200 L. After 12 hours of initial exposure to virus, fresh medium was added to each well containing the viral particles. Two to 3 days after transduction, the cells were imaged with fluorescence microscopy to assess the percentage of cells expressing eGFP. Five to 12 days after transduction, FACS and additional imaging were performed.
Imaging and Fluorescence-Activated Cell Sorting
Immunostained cells were viewed and photographed with an inverted fluorescent digital microscopy/photography system (Eclipse TE2000-U; Nikon, Melville, NY). FACS for eGFP expression was performed (MoFlo High-Performance Cell Sorter; Cytomation, Fort Collins, CO) approximately 7 days after transduction.
RESULTS
Morphology and Collagen VIII Staining of Human Cultured Corneal Endothelial Cells
Pure cultures of CECs were obtained from both corneas. By phase-contrast microscopy, these subconfluent cells grew in a monolayer and showed the characteristic medium-sized, polygonal morphology with elongated processes (Fig. 1A) which was distinct from the smaller, spindle-shaped stromal fibroblasts cultured from the same donor (Fig. 1B) . At confluence, CECs exhibited a more compact polygonal morphology similar to their in vivo appearance (Fig. 1C) . At progressively higher passage numbers, endothelial cell size and heterogeneity of shape increased as the cells exhibited reduction in and eventual loss of proliferative capacity.
To confirm the endothelial origin of our CEC lines, we performed immunofluorescence staining with anti-collagen VIII (␣1) and (␣2) antibodies of our cultured cell lines. Keratocytes showed no staining for either antibody (Fig. 2A) . In contrast, endothelial cells at passage 3 showed consistently high levels of diffuse staining in the cytoplasm for both antibodies (Fig. 2B) . Secondary antibody alone and mouse antihuman Thy-1 IgG (BD PharMingen, San Diego, CA) as negative controls showed no staining of endothelial cells (data not shown).
Cryopreservation of Human Corneal Endothelial Cells
CEC lines of various passages were cryopreserved, as described in Materials and Methods. CECs from a 19-year-old donor cryopreserved at passage 5 were thawed and characterized after four passages to ensure that morphology and collagen VIII expression were stable and resulted from postthaw metabolic activity. Each vial of thawed cells showed a relatively limited number of nonviable cells, consistent with other commonly used cell culture lines after thawing.
Cells recovered from cryopreservation showed characteristic endothelial cell morphology and were able to proliferate after thawing for an additional four passages. CECs before (Fig.  2B) , two passages after (Fig. 2C) , and four passages after (Fig.  2D ) cryopreservation have a polygonal appearance similar to that of the light microscopy images of the cells at confluence before cryopreservation (Fig. 1C) . In addition, the amount of collagen VIII (␣2) immunofluorescence is consistent in CECs before and up to four generations after cryopreservation (Figs. 2B-D). With successive passages after thawing, the CECs showed a tendency to enlarge (Figs. 2B-D), which has been noted previously to correspond with senescence and gradual loss of replicative capacity. 1 Immunofluorescence with antibodies to the tight junction protein ZO-1 was performed on cryopreserved cells at passage 9 (postthaw passage 4; Fig. 3A) . The positive staining pattern of the cell borders indicated that cryopreserved CECs were able to form tight junctions after thawing.
EIAV Transduction of Human Corneal Endothelial Cells
Primary cultures of human corneal endothelial cells obtained from a 3-year-old donor and thawed at passage 3 after 2 months' cryopreservation were used for EIAV-eGFP transduction with vesicular stomatitis virus-or rabies virus-pseudotyped retroviral particles. Two to 3 days after transduction, approximately 30% of cells showed eGFP expression (Fig. 4A) . No toxic effect of transduction was observed for the VSVG or the rabies-pseudotyped retroviral particles. EIAV-transduced cells showed normal cell morphology and continued to express collagen VIII (␣1) and (␣2) by immunofluorescence (Fig. 4B) . These cells were resuspended in culture medium and FACS sorted at passage 7 (four passages after cryopreservation and transduction). With the use of a high eGFP fluorescence threshold to reduce the number of falsely positive cells, we found a higher percentage of eGFP-positive cells with the EIAV-rabies vector (16.12%) over the EIAV-VSVG vector (4.92%). FACS-sorted cells were plated and imaged by fluorescence microscopy, which showed near homogeneity of eGFPexpressing cells (Fig. 4C) . Transduced cells had normal cell morphology without evidence of toxicity, continued to express collagen VIII, proliferated for four more passages after cryopreservation similar to untransduced cells, and were able to maintain a high level of eGFP expression at passage 7 (Fig. 4C) , 12 days and four passages after transduction.
DISCUSSION
Loss of corneal endothelial cells from trauma, inflammation, genetic disorders, and graft failure is a common cause of vision loss and accounts for approximately half the full-thickness corneal transplantations performed annually in the United States. 27 In vivo, corneal endothelial cells are arrested in the G 1 phase of the cell cycle and do not replicate. [1] [2] [3] [4] The discovery that human CECs can be cultured in vitro [5] [6] [7] has created substantial interest in using these cells either alone or placed on various substrates as an alternative to penetrating keratoplasty for the treatment of endothelial cell loss. One potential shortcoming of this approach is the finite proliferative capacity of nontransformed primary CEC cultures, 1 which would limit the amount of time a potential donor cell line could be used therapeutically. Thus, the ability to extend the length of time primary CECs are capable of proliferating could increase the usefulness of these cells for treatment or research.
A similar rationale has been proposed for studies of cryopreservation of whole ex vivo corneas from human and rabbit for keratoplasty using reagents, such as dextran, 12 propane-1,2-diol (PROH), 13 and dimethyl sulfoxide. 14 One study found the longest viability of a transplanted, cryopreserved cornea in a human subject to be 16 years.
14 However, although a single cryopreserved whole cornea can still only be used for a single recipient patient, an expanded, cryopreserved primary endothelial cell line could theoretically be used as a donor to multiple patients if a practical, cell-based method of transplantation is developed. One limitation in this study is that we used human CECs from only two corneas. However, we specifically wanted to study human CECs from younger corneas because A, B) indicate that the cell border staining in (A) is specific and not related to differences in brightness between the two panels. Hoechst dye was used as nuclear stain. Both panels were taken at the same magnification. Scale bar, 30 m (A). A, B) after FACS at passage 7 (four passages after cryopreservation). Hoechst dye was used as nuclear stain. All panels were taken at the same magnification. Scale bar, 30 m (A).
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Cryopreservation and Genetic Modification of CECs 3059 they have been shown to have greater proliferative capacity. 6 Procuring and storing younger human CECs would have greater clinical usefulness with their greater proliferative response. Another limitation in this study is the assessment of endothelial cell functionality. In this study, we interpret the cells' ability to form cell-cell junctions by expression of ZO-1 as a possible method of evaluating cell function. Functional studies, such as measuring the endothelial pump function, are needed. In addition to cryopreservation, the ability to genetically manipulate human primary cultured CECs could greatly increase their usefulness for cell-based transplantation approaches. Possible modifications could include the introduction of trophic factors or inducible replication control molecules because transplanted endothelial cells undergo accelerated attrition even years after surgery. 28, 29 Several studies demonstrate that genetic modification of growth phase-arrested CECs with the transcription factor E2F2 or an antisense oligonucleotide to p27(kip1) induces proliferation. 30 -32 Genetic modification of CECs with immunomodulatory proteins may also increase the success of cell-based transplantation methods because allografts of cultured CECs would still be susceptible to immunologic rejection. Recent reports by Beutelspacher et al. 33, 34 support the important role of indoleamine 2,3-dioxygenase in regulating corneal allograft rejection and demonstrate that overexpression of this protein through EIAVmediated transduction prolongs corneal graft survival in a mouse transplant model.
Our results provide additional support for EIAV as a vector for genetic modification of human CECs. EIAV has been shown to achieve efficient and long-term transduction of dividing and nondividing cells in a multitude of tissues. [35] [36] [37] Beutelspacher et al. 26 reported that EIAV was more efficient than HIV-1 based vectors for transduction of a murine corneal endothelial cell line and human ex vivo corneas. Furthermore, intracameral administration of EIAV-VSV-G has been demonstrated to produce efficient and prolonged (10-month) expression of GFP in mouse corneal endothelium with no evidence of cellular dysfunction such as corneal edema. 38 Interestingly, the EIAV rabies-pseudotyped virus had a higher transduction efficiency than the EIAV-VSV-G virus. This is in contrast to findings shown by Balaggan et al. 38 in which either EIAV-rabies or EIAV-VSV-G virus was administered intracamerally into mice. They report a higher transduction efficiency of endothelial cells and trabecular meshwork with the EIAV-VSV-G virus. Mazerakis et al. 36 report that EIAV pseudotyped with rabies virus glycoprotein enabled retrograde axonal transport of a marker gene that was not observed with VSV-G-pseudotyped virus. Thus, it is possible that differences in pseudotyping may result in target cell type-specific phenotypes for EIAV vectors. Such differences may explain the variation in endothelial cell transduction efficiencies and warrant further study.
Our studies show that cryopreserved human primary cultured endothelial cells can be efficiently transduced by EIAV without phenotypic alteration. Furthermore, these cells can be sorted to nearly pure populations by FACS techniques. Thus, a repository of cryopreserved human CECs capable of genetic modification to increase survival or reduce immunogenicity and sorted to homogeneity is now possible and could significantly improve the success of future endothelial cell transplantation approaches.
Our findings represent, to our knowledge, the first report that primary human CEC cultures can be cryopreserved and that these cells retain their morphology, proliferative capacity, and collagen VIII and ZO-1 expression after thawing. Furthermore, these cells are able to be genetically modified by EIAV and sorted to a nearly pure population. These results underscore the potential usefulness of this technique in expanding the supply of these cells for research and therapeutic applications, including gene therapy to prolong survival or to prevent immunologic rejection. Additional characterization of cryopreserved human CECs, particularly an assessment of pump function and their ability to be transplanted successfully, deserves additional study.
